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Edited by Richard CogdellAbstract Previously, we found that intracellular reactive oxy-
gen species (ROS) aﬀect photomorphogenesis in Neurospora
crassa. In this study, we investigated the physiological roles of
ROS in the response to light and found that the exposure of
mycelia to air was important for the light-induced carotenogen-
esis. Mycelia treated with a high concentration of O2 gas and
H2O2 to release ROS showed an enhancement of light-induced
carotenoid accumulation and the expression of gene related to
light-inducible carotenogenesis. These results suggested that
stimuli caused by the exposure of the mycelia to air containing
O2 gas triggered the light-induced carotenoid synthesis.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The ﬁlamentous fungus Neurospora crassa, a member of the
ascomycete, has been used in photo-biological research for
some time. In N. crassa, blue light regulates the following bio-
logical phenomena: (i) induction of carotenoid synthesis in
mycelia [1], (ii) induction of conidiation [1], (iii) protoperithe-
cium formation under nitrogen-limited conditions [2], (iv)
light-dependent perithecial polarity [3], (v) positive phototro-
pism of perithecial beaks [4] and (vi) phase shift in the circa-
dian rhythm of conidiation [5].
Two mutants, white-collar (wc)-1 and wc-2, lacking most of
the light-induced responses of the organism have been isolated
and characterized [6,7]. The protein products of WC-1 and
WC-2 for the wild-type genes of wc-1 and wc-2 are suggested
to be a light receptor and transcription factor. These proteins
possess a zinc-ﬁnger DNA-binding domain, a PAS (PER,
ARNT, and SIM) dimerization domain, and a glutamine-rich
putative transcription activation domain [8,9]. WC-1 and WC-
2 form heterodimers (White Collar Complex; WCC), presum-
ably through their PAS domain [10]. WCC can bind the pro-
moter region of light-regulated genes via the zinc-ﬁnger
DNA-binding domain and acts as a transcription factor*Corresponding author. Fax: +81 45 820 1901.
E-mail address: kohji@yokohama-cu.ac.jp (K. Hasunuma).
0014-5793/$30.00  2005 Published by Elsevier B.V. on behalf of the Feder
doi:10.1016/j.febslet.2005.06.014[8,9,11,12]. WC-1 contains a LOV (light, oxygen, voltage) do-
main, which contains a PAS dimerization domain [8]. WCC
has also been reported to bind to FAD (ﬂavin-adenine dinucle-
otide) via the LOV domain in place of FMN (ﬂavine mononu-
cleotide) in phototropins [13]. Therefore, WC proteins have
been thought to play a critical role in the responses to light
and act as a photoreceptor and transcription factor. Several
genes identiﬁed as genetic components for these light-evoked
responses, have been isolated and characterized. Three albino
genes, albino-1 (al-1), al-2, and al-3, encode enzymes essential
for the synthesis of carotenoids [7,14,15].
Recently, it have has reported that a sod-1 null mutant,
which is defective in Cu–Zn-type superoxide dismutase
(SOD-1), showed hyperaccumulation of light-induced carote-
noids and the expression of WC-controlled genes [16]. These
results suggest that intracellular ROS are one of a key compo-
nents for light signal transduction. However, how and why
ROS are able to regulate responses to light, are still unknown.
In this study, we obtained the results that intracellular ROS,
levels of which increased with the contact between mycelia
and air containing oxygen, could have the ability to enhance
several light-evoked responses as controlling factors.2. Materials and methods
2.1. Strains and growth conditions
The N. crassa, wild-type strain 74-OR23-1A (Fungal Genetics Stock
Center (FGSC) number 987 was obtained from FGSC, Department of
Microbiology, University of Kansas Medical Center, Kansas City),
was used in this study. Vogels minimal medium (1.5% sucrose) was
used for the culture of mycelia [17], and glycerol complete slant med-
ium was used for the stocking of strains and harvesting of conidia [18].
2.2. Quantiﬁcation of mycelial carotenoid accumulation
Conidia (1 · 106) were inoculated into 50 ml of Vogels minimal
medium in 200-ml ﬂasks and shaken (100 rpm/min) at 30 C for 2 days
in darkness. Mycelia were harvested on ﬁlter paper by vacuum ﬁltra-
tion to form mycelial mats. In the air-exposure experiment, mycelial
mats were put on petri dishes or soaked with 50 ml of Vogels medium.
The plates were exposed to light (TOSHIBA, FL20SS-N/18,
40 lE m2 s1) for 1.5 h. In the gas treatment experiment, mycelial
mats were fragmented (4.5 cm · 1.5 cm), put into 50-ml tissue culture
dishes (IWAKI). Gasses (nitrogen, oxygen, and carbon dioxide) were
exchanged in plastic Roux ﬂasks for about 30 s. The ﬂasks were ex-
posed to light (40 lE m2 s1) for 1.5 h. In H2O2 treatment, mycelial
mats were soaked with 50 ml of Vogels medium containing 10 mM
H2O2 on petri dishes and exposed to light (40 lE m
2 s1) for 1.5 h.
After mycelia were harvested, carotenoid accumulation was deter-
mined as described by Yoshida and Hasunuma [16].ation of European Biochemical Societies.
H. Iigusa et al. / FEBS Letters 579 (2005) 4012–4016 40132.3. Analysis of expression of albino-1 mRNA by Northern blotting
Conidia (1 · 106) were inoculated into 50 ml of Vogels minimal
medium in 200-ml ﬂasks. After culturing by reciprocal shaking with
100 rpm/min for 2 days at 30 C, the mycelia were harvested on ﬁlter
paper by vacuum ﬁltration and immediately frozen in liquid nitrogen.
Frozen mycelia were powdered with a pestle and mortar in liquid
nitrogen. Total RNA was prepared by a small-scale RNA extraction
method [19]. 32P-labeled probes were mixed with the membrane and
hybridized with 30 ml of Churchs phosphate buﬀer for 18 h at 60 C
[20]. Radioisotopic signals were visualized by autoradiography using
X-Omat AR ﬁlm.Fig. 2. Light-induced carotenoid accumulation in the presence of
air, oxygen, nitrogen or carbon dioxide. Mycelial mats were exposed to
oxygen, nitrogen or carbon dioxide by replacing air with these gasses,
and without the replacement of air as a control. (A) Photograph of
mycelia exposed to white light (40 lE m2 s1) for 180 min.
(B) Carotenoid accumulationin in the mycelia illuminated with white
light for 90 min. Carotenoid accumulation was determined based on
the A470/g dry weight of mycelia after extraction with methanol and
acetone. Each value is the average of three independent experiments
with standard errors.3. Results
3.1. Light-induced carotenoid accumulation enhanced by the
contact of mycelia with air
Formation of conidia from mycelia has been reported to re-
quire the contact of mycelia with air [21]. To examine whether
the induction of the light-induced carotenoid accumulation in
the mycelia depends on the contact of mycelia with air, myce-
lial mats were completely immersed in the liquid medium to
avoid any contact with air. The mycelia were illuminated with
or without exposure to air. The accumulation of carotenoids in
the air-exposed mycelia was about 10-fold higher after 1.5 h of
illumination than that in the air-exposed mycelia grown in the
dark (Fig. 1). However, the light-induced carotenoid accumu-
lation in the immersed mycelia was reduced to twofold of that
observed in the dark-cultured immersed mycelia. These data
suggested that light-induced carotenoid accumulation in the
mycelia was enhanced by the exposure of mycelia to air.
3.2. Eﬀects of gas exposure on the light-induced carotenoid
accumulation
To investigate which gas in the air is responsible for the
light-induced carotenoid accumulation, we examined the
amount of carotenoid after 1.5 h of illumination in the myce-
lia, which were exposed to either oxygen, nitrogen or carbon
dioxide gas. Untreated mycelia exposed to air were used as a
positive control of the response to light. The accumulation
of carotenoids in oxygen-exposed mycelia was about threefold
that in untreated air-exposed mycelia. Light-induced caroten-Fig. 1. Light-induced carotenoid accumulation on exposure to air.
Mycelial mats exposed to air and immersed in liquid medium were
used. Mycelia were exposed to white light (40 lE m2 s1) for 90 min,
or kept in darkness as a control. Carotenoid accumulation in the
mycelia was determined based on the A470/g dry weight of mycelia after
extraction with methanol and acetone. Each value is the average of
three independent experiments with standard errors.oid accumulation was not detected in the nitrogen- or carbon
dioxide-exposed mycelia similar to the dark-cultured myce-
lia (Fig. 2). These results indicate that a high concentra-
tion of oxygen enhanced the accumulation of light-induced
carotenoids.
3.3. Eﬀects of H2O2 on light-induced carotenoid accumulation
To investigate whether ROS directly aﬀect the light-induced
carotenoid accumulation, we examined the accumulation in
the mycelial mats immersed in the liquid medium containing
H2O2. We used H2O2 as a reagent to release ROS. Mycelia
treated with 10 mM H2O2 showed an enhancement of light-in-
duced carotenoid accumulation, although the mycelia were im-
mersed in the liquid medium (Fig. 3). As a control, the mycelia
were exposed to air or immersed in the liquid medium without
ROS. The mycelia immersed in the liquid medium without
H2O2 did not show the carotenoid accumulation (Fig. 3).
These results indicated that extracellular H2O2 enhanced the
accumulation of carotenoid, although mycelia were kept with-
out exposure to air.
3.4. Eﬀects of exposure to gasses and H2O2 on al-1 gene
expression
To investigate whether the response to oxygen-exposure re-
sults from the expression of light-inducible genes encoding
carotenoid synthetic enzymes, the accumulation of al-1mRNA
in the gas-exposed mycelia was determined by Northern blot
analysis. The al-1 transcripts in each treatment were not de-
tected in the mycelia grown in darkness (Fig. 4). The al-1
mRNA accumulation in oxygen-exposed mycelia was ﬁvefold
higher than that of untreated mycelia. However, light-induced
Fig. 3. The eﬀect of H2O2 on the light-induced carotenoid accumu-
lation. Mycelial mats were soaked in liquid medium containing 10 mM
H2O2. (A) Photograph of mycelia exposed to white light (40 lE m
2
s1) for 180 min. (B) Carotenoid accumulation in the mycelia exposed
to white light for 90 min. Carotenoid accumulation was quantiﬁed as
A470/g dry weight of mycelia after extraction with methanol and
acetone. Each value is the average of three independent experiments
with standard errors.
Fig. 4. Light-induced accumulation of al-1 mRNA after exposure to
oxygen, nitrogen and carbon dioxide. (A) Northern blot analysis of al-1
mRNA accumulation in the mycelia exposed to oxygen, nitrogen or
carbon dioxide just before 10 min of illumination. The mycelia were
exposed to air as a control. (B) Densitometric analysis of the Northern
blot. 25 S rRNA was used as a quantitative control. Relative values
were calculated using the values obtained in darkness as a control. The
averages and standard error bars were calculated from three indepen-
dent experiments.
Fig. 5. The eﬀect of H2O2 on the light-induced accumulation of al-1
mRNA. (A) Northern blot analysis of al-1 mRNA in the mycelia
treated with 10 mM H2O2 with 10 min of illumination. As a control,
the mycelia soaked in the liquid medium (without H2O2) and exposed
to air were used. (B) Densitometric analysis of Northern blot. 25S
rRNA was used as a quantitative control. Relative values were
calculated using the values obtained in darkness as controls. The
averages and standard errors were calculated from three independent
experiments.
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not detected. Unexpectedly, mycelia exposed to nitrogen
showed an accumulation of al-1 mRNA similar to that ob-
served in the untreated mycelia. These results indicated that
oxygen in air enhanced the light-dependent carotenoid synthe-
sis and the expression of al-1mRNA. Although nitrogen-expo-
sure did not aﬀect the expression of the al-1 gene, it was
suggested that nitrogen aﬀected carotenoid synthesis at the
post-transcriptional level. In contrast, the expression of al-1
mRNA was repressed by carbon dioxide-exposure. This result
indicated that carbon dioxide in the air inhibited the caroteno-
genesis.
The accumulation of al-1 transcripts in ROS (H2O2)-treated
mycelia after 10 min of illumination was determined by North-
ern blot analysis. In the liquid-immersed mycelia, al-1 tran-
scripts were detected slightly under light, but not in darkness
(Fig. 5). The level of al-1 mRNA in H2O2-treated mycelia
was about twofold that in the untreated mycelia and about
half that in the air-exposed mycelia. These results indicated
that ROS such as H2O2 have the ability to induce the expres-
sion of carotenoid synthetic genes and could induce carotenoid
accumulation (Fig. 5).4. Discussion
We analyzed the biological function of ROS during the light-
induced carotenoid accumulation in the mycelia of N. crassa.
Photoconidiation has been reported to be enhanced by the
exposure of mycelia to air [21]. We found that the contact of
mycelia with air, oxygen and H2O2 was important for the
light-induced carotenoid accumulation (Figs. 1–3). Further-
more, in Northern blot analysis, the expression of al-1 mRNA,
encoding the enzyme involved in the synthesis of carotenoid,
H. Iigusa et al. / FEBS Letters 579 (2005) 4012–4016 4015was enhanced by oxygen-exposure and H2O2-treatment (Figs. 4
and 5). These results suggested that ROS, levels of which in-
creased with exposure to air containing oxygen, could induce
light-induced carotenogenesis and may act as a controlling
factor in the WC-signaling cascade, because the light-induced
expression of al-1 mRNA depends on WC proteins.
In mammals, Clock:BMAL1 and NPAS2:BMAL1, hetero-
dimeric transcription factors, regulate the expression of genes
encoding molecular clock components by controlling DNA-
binding activity [22,23]. This binding activity was controlled
by the redox state of nicotineamide adenine dinucleotide
(NAD) and NADPH. NADH enhanced the DNA-binding
activity of NPAS2:BMAL1, while NADP inhibited the
DNA-binding activity of NPAS2:BMAL1 [24]. The protein
having PAS domain such as NPAS2 was known to be aﬀected
by redox. Because the PAS domain contains a LOV domain,
the latter is thought to act as a redox sensor [25,26]. In Neuros-
pora, WC-1 and WC-2 also have a PAS domain, and the redox
state may inﬂuence the DNA-binding activity of WC proteins.
ROS have been shown to be generated in the process of pho-
tosynthesis, during mitochondrial respiration, and in response
to various environmental stressors such as ultraviolet radiation
and high light irradiation [27–29]. InN. crassa, ROS are mainly
gene1rated during the process of respiration in mitochondria
and following light irradiation. These ROS are scavenged by
antioxidative enzymes such as catalase, superoxide dismutase
(SOD) and glutathione-S-transferase (GST) and reduced to
water immediately. Carotenoid has also an important role as
an antioxidative reagent and eliminates mainly singlet oxygen,
1O2, inNeurospora [30]. Consequently, carotenoid must be syn-
thesized to eliminate intracellular ROS rapidly. ROS have been
reported to regulate carotenoid synthesis in other organisms. In
Phaﬃa rhodozyma, singlet oxygen induced carotenoid synthesis
[31]. In Fusarium aquaeductuum, carotenoid synthesis in mycelia
treated with redox dyes was enhanced by red light [32]. These re-
sults indicate that carotenoids can be synthesized to protect cells
from oxidative damage. Hence, it is reasonable that the light-in-
duced carotenogenesis was enhanced depending on intracellular
ROS. Carotenoid in the mycelia could not be synthesized with-
out illumination in N. crassa. Light-dependent carotenogenesis
was completely regulated by WC proteins in N. crassa. There-
fore, ROSmight act as a controlling factor inWC-signaling cas-
cades such as carotenogenesis.
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